
Kim et al., Sci. Adv. 8, eabj9493 (2022)     27 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 6

C O N D E N S E D  M A T T E R  P H Y S I C S

Real-space observation of fluctuating 
antiferromagnetic domains
Min Gyu Kim1,2, Andi Barbour3, Wen Hu3, Stuart B. Wilkins3, Ian K. Robinson4, Mark P. M. Dean4, 
Junjie Yang5, Choongjae Won6,7, Sang-Wook Cheong1,6,7,8, Claudio Mazzoli3, Valery Kiryukhin1*

Magnetic domains play a fundamental role in physics of magnetism and its technological applications. Dynamics 
of antiferromagnetic domains is poorly understood, although antiferromagnets are expected to be extensively 
used in future electronic devices wherein it determines the stability and operational speed. Dynamics of antifer-
romagnets also features prominently in the studies of topological quantum matter. Real-space imaging of fluctu-
ating antiferromagnetic domains is therefore highly desired but has never been demonstrated. We use coherent 
x-ray diffraction to obtain videos of fluctuating micrometer-scale antiferromagnetic domains in Ni2MnTeO6 on 
time scales from 10−1 to 103 s. In the collinear phase, thermally activated domain wall motion is observed in the 
vicinity of the Néel temperature. Unexpectedly, the fluctuations persist through the full range of the higher-
temperature helical phase. These observations illustrate the high potential significance of the dynamic domain 
imaging in phase transition studies and in magnetic device research.

INTRODUCTION
Dynamics of magnetic domains has been a subject of intense studies 
ever since the observation of magnetoacoustic domain switching 
noise by Barkhousen more than a century ago (1). Performance of 
magnetic storage media is defined by the achievable domain switch-
ing rates and by the thermal stability of the domains. Domain 
switching and fluctuations involve the formation and motion of the 
domain walls. In addition to the obvious technological importance, 
domain wall dynamics is of the fundamental relevance to the phys-
ics of phase transitions in a variety of subjects, ranging from con-
densed matter physics to the cosmology of the early universe (2). 
Historically, antiferromagnetic (AFM) domains attracted little at-
tention, both because of the prevalence of ferromagnetism in tech-
nology and because of the difficulty of their observation. Recently, 
the situation changed markedly, largely because of two intercon-
nected developments. First, it was realized that antiferromagnets 
may have several key advantages in prospective electronic devices 
(3, 4). They exhibit vastly faster switching rates than ferromagnets 
and are better suited for miniaturization because of the reduced 
stray fields. Novel device concepts were proposed, giving rise to the 
field called AFM spintronics (3, 4). Magnetic racetrack memory 
based on the current-driven motion of domain walls in a synthetic 
antiferromagnet is currently at the advanced engineering stage (5). 
AFM-based nonvolatile programmable synapses for artificial neu-
ral networks (6) and multilevel bit cells (7) are also being developed 
(8). Some of the existing memory cells already use AFM elements 
(9). In all these cases, the reliability and the operation speed are de-
termined by the microscopic domain structure and the dynamics of 

the domain walls. Second, recent revolutionary developments in the 
field of topological quantum matter (10–12) brought about a plethora 
of exotic properties in antiferromagnets, many of them protected 
against external perturbations. They include the AFM anomalous 
(13, 14) and topological (15, 16) Hall effects, as well as the anoma-
lous Nernst effect (17). It was quickly realized that these properties 
open new opportunities for spintronic devices (18, 19), bringing in 
the field of topological AFM spintronics (19). Examples include a 
topological AFM transistor using Dirac quasiparticle current (19), a 
Majorana qubit in a quantum spin Hall insulator combined with 
AFM superconductor (20), and a skyrmion racetrack memory (21). 
There is an amazing interplay between the practical issues of spin-
tronics and the advanced fundamental subjects of solid-state physics.

Imaging the AFM domain texture and the dynamics of the do-
main walls is essential for engineering spintronics devices, as well as 
for measurements of the intrinsic topological properties in quan-
tum matter. AFM domain dynamics is accessible to some existing 
spectroscopic techniques, such as x-ray photon correlation spec-
troscopy (XPCS) (22, 23). However, unlike imaging, they measure 
the characteristic time scales, not the real-space positions of the 
domain walls. Imaging AFM domains is a notoriously difficult task 
even for static structures (24). Dynamic imaging is currently impos-
sible for practically all existing techniques including, particularly, 
scanning-based approaches. Perhaps the only method suitable for 
time-resolved studies is x-ray photoemission electron microscopy 
(PEEM) (24, 25). In this technique, the AFM domain contrast is 
based on linear dichroism. Therefore, PEEM is only applicable to 
the domains distinguished by distinct spin direction axes. These do-
mains often exhibit magnetostriction-induced macroscopic strain 
that may hinder their growth and fluctuations. This could be an 
important reason why no thermal fluctuations of AFM domains 
have so far been observed using x-ray PEEM. In contrast, AFM 
phase domains only involve changes of the order parameter phase 
across the domain wall. At the antiphase domain wall, for example, 
all the spins simply reverse their directions. Phase domains could be 
more susceptible to thermal fluctuations because they are not asso-
ciated with macroscopic structural distortions. Recently, a new do-
main wall imaging technique based on destructive interference of 

1Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854, 
USA. 2Department of Physics, University of Wisconsin-Milwaukee, Milwaukee, WI 
53201, USA. 3National Synchrotron Light Source II, Brookhaven National Laboratory, 
Upton, NY 11973, USA. 4Condensed Matter Physics and Materials Science Depart-
ment, Brookhaven National Laboratory, Upton, NY 11973, USA. 5Department of 
Physics, New Jersey Institute of Technology, Newark, NJ 07102, USA. 6Max Planck 
POSTECH/Korea Research Initiative, Pohang University of Science and Technology, 
Pohang 37673, Korea. 7Laboratory of Pohang Emergent Materials, Department of 
Physics, Pohang University of Science and Technology, Pohang 37673, Korea. 8Rutgers 
Center for Emergent Materials, Rutgers University, Piscataway, NJ 08854, USA.
*Corresponding author. Email: vkir@physics.rutgers.edu

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org at B
rookhaven N

ational L
ab on M

ay 27, 2022

mailto:vkir@physics.rutgers.edu


Kim et al., Sci. Adv. 8, eabj9493 (2022)     27 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 6

coherent x-rays in a diffraction experiment has been reported (26). 
It is applicable to phase domains and takes an image in a single-
exposure measurement. Here, we use an enhanced version of this 
approach to study the real-space thermal evolution of the AFM do-
mains in Ni2MnTeO6 and obtain real-time videos of the fluctuating 
domain walls.

RESULTS
Ni2MnTeO6 is a rhombohedral (space group R3) A2BB′O6-type co-
rundum derivative (27). For T < TN1 = 68.0 K, it is a c axis collinear 
antiferromagnet with the magnetic structure shown in Fig. 1A. At 
higher temperatures, Ni2MnTeO6 exhibits an incommensurate 
helical (proper screw) state (see Fig. 1B) (28). The spins rotate in the 
ab plane, and the propagating vector is along the c axis with the 
period very close to three structural lattice units. The sample is 
paramagnetic above TN2 = 74.0 K. The collinear and the helical 
states give rise to magnetic x-ray diffraction peaks at QC = (0, 0, 1.5) 
and QIC = (0, 0, 1.354), respectively. Their intensities versus tem-
perature are shown in Fig. 1C. There is a phase coexistence region 
between 66 and 68 K, indicating that the transition is first order. No 
hysteresis is observed. The collinear state should exhibit simple 
antiphase domains. Assuming an exact tripling of the unit cell in the 
helical state, up to six different domain types are possible because 
the order parameter phase at the domain wall can change by  and 
±2/3. Complex domain textures, including topological Zn vortices 
similar to those observed in ferroelectrics (29, 30), are therefore 
possible in the helical state.

We use the method (26) in which the magnetic texture image is 
formed by the coherent x-ray beam reflected from the ab surface of 
the sample (see Fig. 1D). Imaging is done under the magnetic Bragg 
diffraction condition, which results in purely magnetic scattering. 

Signal intensity is maximized by setting the x-ray energy at Ni LIII 
edge. Fully separate contributions can be accessed from the collin-
ear state at a scattering vector Q = QC and from the helical state for 
Q = QIC. The AFM domain walls are imaged as dark lines on the 
area detector because of the destructive interference between the 
parts of the beam scattered from the adjacent AFM phase domains. 
Undistorted (except for the trivial beam footprint correction) real-
space images of the domain walls in the specific magnetic state are 
obtained in a single-exposure measurement. Previously, the inci-
dent x-ray beam was formed by a pinhole (26). In that approach, the 
image is formed far in the wings of the scattered beam, making the 
majority of the available photons useless for the imaging. Diffrac-
tion effects limit the achievable spatial resolution (the minimum 
size of the resolvable domains) to approximately the pinhole size d. 
This resolution is only achieved for a pinhole-sample distance of 
order of d2/, where  is the x-ray wavelength. This condition gives 
impractically small distances for resolutions approaching 1 m. To 
overcome these drawbacks, we used a Fresnel zone plate (FZP) to 
form the incident beam. The entire annular-shaped beam produced 
by the FZP can be used in imaging (see Fig. 1E), providing for better 
utilization of the available photons and decreased exposure times. 
FZP is a focusing device. The beam divergence and the image mag-
nification can therefore be controlled by the FZP design. The effec-
tive source can be easily put at small distances to the sample, as 
required to obtain the increased spatial resolution. This should 
eventually make the ultimate spatial resolution of the method pos-
sible. In bulk samples, it is roughly set by the x-ray penetration 
depth, which lies in the 100- to 200-nm range in typical 3d-element 
magnets at their respective L edge x-ray energies. Better resolutions 
might be possible in thin films, as discussed in the Supplementary 
Materials. The high intensity and the controlled effective source po-
sition of the divergent x-ray beam produced by the FZP were crucial 
improvements resulting in the temporal and spatial resolutions 
necessary to observe AFM domain wall fluctuations.

We first discuss the collinear state, starting with the big-picture 
temperature-dependent evolution of the AFM domain pattern. The 
coarse resolution of the pinhole setup was sufficient for this task. 
Figure 2 shows that very small domains appear just below TN1. They 
merge and grow with decreasing temperature. Different textures are 
observed. In the lower right corner, a fine stripy pattern is first 
formed. It evolves into large domains preserving the stripe motif. 
Less-regular domain shapes are observed near the image center. 
Entropy-driven proliferation of domain walls is expected on approach-
ing the phase transition temperature, as the domain wall formation 
energy is reduced with decreasing order parameter. Our experiments 
demonstrate this general scenario in an antiferromagnet.

Thermal fluctuations of the AFM domain walls become evident 
when the spatial resolution is improved beyond 4 m, with image 
capture times in the 10−2 s range. Detailed discussion of the ob-
tained resolutions can be found in the Supplementary Materials. 
Movies of the fluctuating domains with the capture time of 5.75 × 
10−2 s and the full frame length of 0.195 s were recorded, some of 
them as long as ~20  min. Movie S1 shows the data collected at 
T = 67.73 K; the examples discussed below are taken from this movie. 
A rich variety of the dynamic behavior types was observed, including 
a continuous domain wall deformation, a fast back and forth switch-
ing between two states, and more complex scenarios. Figure 3A de-
picts selected frames, showing a continuously growing bulge in a 
domain wall. (See movie S2 for the corresponding full movie.) To 

A B C

D E

Fig. 1. Magnetic structures and experimental setup. Magnetic structure of the 
collinear (A) and the helical (B) states of Ni2MnTeO6. One structural unit cell is 
shown for simplicity. On moving from one such cell to the next along the c axis, the 
spins rotate by 180° in (A) and by ~120° in the ab plane in (B). (C) The temperature 
dependence of the intensities of the QC = (0, 0, 1.5) and QIC = (0, 0, 1.354) magnetic 
Bragg peaks produced by the collinear and the helical states, respectively. The 
shaded area indicates the region where the AFM domain fluctuations are ob-
served. (D) Schematic setup of the imaging experiment. The domain walls are im-
aged as dark lines on the area detector (E).
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extract the characteristic time scales from the dynamic images, we use 
the two-time correlation function G(t1, t2) = 〈I(t1)I(t2)〉/〈I(t1)〉〈I(t2)〉, 
which is a common tool in XPCS (31). I(t) is the intensity, and the av-
eraging is taken over the images on a pixel-by-pixel basis. Figure 3C 
shows G(t1, t2) for the time interval relevant to Fig. 3A. Bright 
uniform squares with diagonals along the t1 = t2 line correspond to 
highly correlated and, therefore, essentially static images. Figure 3C 
provides a clear visual evidence (large orange square in the lower 
left corner), showing that the domain wall is mostly static from 
frame 0 to 169. Then, a series of changes on the time scales ranging 
from a single to several frames over the period of 36 frames (6.8 s) 
takes place, and then the image stays static again. Figure 3D de-
picts G(t1, t2) for an extended period of time (16 min). It shows 
that the deformations of this bulging and moving domain wall 
occur in the broad range of time scales, from ≤0.2 s (one frame) 
to minutes.

Figure 4A illustrates a different fluctuation type—fast back and 
forth jumps of the domain wall between the two positions shown by 
vertical blue arrows—the so-called two-state switching. The jumps 
occur over one frame (faster than 0.2 s), producing the narrow dark 
lines in G(t1, t2) shown in Fig. 4B. The extended-time G(t1, t2) de-
picted in Fig. 4C illustrates that the fast back and forth switching 
events keep occurring in the area of interest, separated by the inter-
vals from 0.2 s (smallest resolvable) to many seconds. This range 
overlaps with the field-induced domain switching time scales ob-
served in the famous Barkhousen effect in ferromagnets. The sur-
face regions shown in Figs. 3 and 4 exhibit two different types of 
dynamic behavior, continuous motion and two-state switching. In 
XPCS experiments, G(t1, t2) patterns similar to ours are taken as 
evidence for such behavior based on plausible models (32). Our real- 
space measurements provide model-independent examples il-
lustrating the validity of this approach. Other thermal fluctuation 

types can be observed in the full movie, such as formation and dis-
appearance of bubble domains (horizontal green arrows in Fig. 4A). 
The observed fluctuations characterize the steady state of the sys-
tem because they persist over the time of the experiment (hours). 
Because of the local beam heating, thermal gradients and the corre-
sponding heat currents might exist on the sample surface, possibly 
affecting the dynamics of the domain walls. While localized direc-
tional domain wall motion such as shown in Fig. 3 is observed, we 
do not find any clear evidence of the preferred direction (e.g., mo-
tion toward or away from the image center) in the entire image area. 
This shows that the effects of the thermal gradients are probably 
small. Measurements under various local thermal conditions are 
needed to establish whether the inhomogeneities induce deviations 

A B C

D E F

Fig. 2. Thermal evolution of the AFM domains. (A to F) Images of the AFM do-
main boundaries (dark wavy lines) in the collinear state, taken on cooling through 
the transition temperature TN1. Straight green lines connect four structural defects 
occurring in the same positions in all images, providing the positional reference. 
Black rectangles are detector dead zones. Scale bars, 10 m. They show distances 
on the sample surface.

A

C

D

B

Fig. 3. Bulge growth in the domain wall. (A) Selected frames showing time- 
dependent evolution of a bulging domain wall in the collinear state at T = 67.73 K. The 
frames are taken from the detector area outlined with the green box in (B). (C and 
D) The two-time correlation function G(t1, t2) for the same area for different time 
intervals. The green oval in (C) indicates the region in which the changes occur. The 
images are static outside this region. Frame numbers are listed for each panel in 
(A). The same frames are indicated with white arrows in (C). The frame capture time 
is 5.75 × 10−2 s, and the time between consecutive frames is 0.195 s. Scale bars, 
10 m (A and B).

D
ow

nloaded from
 https://w

w
w

.science.org at B
rookhaven N

ational L
ab on M

ay 27, 2022



Kim et al., Sci. Adv. 8, eabj9493 (2022)     27 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 6

from the equilibrium behavior in our experiments. This is the sub-
ject of future work. To take the full advantage of the great wealth of 
information contained in the movies of the fluctuating domains, 
development of image analysis tools applicable to combined spatial 
(domain wall positions) and temporal information is highly de-
sired. On a qualitative level, the data of Figs. 3 and 4, as well as cur-
sory observation of the full movies, indicate that the high-curvature 
regions of the domain walls are more susceptible to thermal mo-
tion. This behavior is expected for any object with effective surface 
tension (energy), such as AFM domain walls.

Unlike the collinear state, the helical phase does not exhibit clear 
domain walls. Ripple-like patterns are observed instead (see Fig. 5). 
Higher-resolution studies are necessary to establish whether they 
reflect underlying domain structure or are more complex interfer-
ence patterns from unresolvable nanoscale domains. Thermal fluc-
tuations can, however, be reliably detected. Unexpectedly, they are 
present in the entire temperature range of the helical phase. Figure 5 
shows fast fluctuations at T = 68.5 K, deep in the well-developed 
helical phase region, very far from any transition temperature and 
the phase coexistence region. Movie S3 presents these fluctuations 
in full detail. This observation is important because the helical phase 
would be presumed to be static based on the results of the commonly 
used techniques that are not directly sensitive to fluctuations, such 
as diffraction or bulk susceptibility measurements. As illustrated in 
Fig. 1C, domain wall fluctuations are observed in a remarkably large 
range of reduced temperatures (TN − T)/TN ~ 0.1 (more than 6 K), 

covering the entire helical phase and extending by 2 K into the col-
linear phase. The spins in Ni2MnTeO6 are quite isotropic, as indi-
cated by the easy axis to easy plane transition at TN1. Pinning effects 
are greatly reduced for the thick domain walls that are typical of 
isotropic systems, as known well for ferromagnets (33). The compe-
tition between the collinear and the helical phases may also exert 
destabilizing effects, further promoting the robust domain wall fluc-
tuations in Ni2MnTeO6.

DISCUSSION
Real-space videos of fluctuating AFM domains provide full informa-
tion on the domain dynamics within the resolution of the method. 
The available signal intensity makes possible reducing the exposure 
times into the millisecond range. Existing x-ray area detectors are 
capable of 10−5 s readout time. We expect that our approach will be 
applicable to real-space studies of dynamic magnetic and structural 
textures on time scales covering at least seven orders of magnitude 
(10−3 to 104 s), with ultimate space resolutions into hundreds of 
nanometers in the bulk samples and probably better than 100 nm in 
thin films. In Ni2MnTeO6, this will allow detailed studies of domain 
topology in the fluctuating helical phase. Investigation of the phase 
coexistence region, in which the helical state should produce dark 
regions in the images of the collinear state and vice versa, would 
also be intriguing. Studies of the same sample area for different scat-
tering vectors will be possible using suitable fiducial marks on the 
sample (34). To fully explore the capabilities of our technique, it is 
highly desirable to develop appropriate image analysis tools, possibly 
based on machine learning and using advanced correlation func-
tion methods. We believe that this method will provide valuable 
information for the studies of phase transitions and will be highly 
useful for the investigation of device-like structures both in spin-
tronics and in studies of topological quantum matter, for example, 
in Hall effect–type measurements. Our observation of persistent 
domain fluctuations in what appears to be a static magnetic phase 
illustrates a high potential of dynamic real-space imaging in device 
engineering, especially for understanding the limits of device ther-
mal stability. The newly achieved ability to obtain real-space videos 

A B

C

Fig. 4. Two-state switching fluctuations. (A) Consecutive frames showing back 
and forth domain wall jumps, denoted by vertical blue arrows, in the collinear state 
at T = 67.73 K. Disappearance of a bubble domain is also evident (green arrows). 
(B and C) G(t1, t2) for the detector area outlined with the green box in (A) for com-
pressed and expanded time intervals. Frame numbers are listed for each panel in 
(A). The same frames are indicated with white arrows in (B). The frame capture time 
is 5.75 × 10−2 s, and the time between consecutive frames is 0.195 s. Scale bars, 
10 m (A).

A B

Fig. 5. Fluctuations in the helical state. (A and B) Two consecutive detector im-
ages at the helical state wave vector at T = 68.5 K. Green boxes outline the areas 
with noticeable changes. The image capture time is 5.75 × 10−2 s, and the time be-
tween the images is 0.195 s. Scale bars, 10 m.
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showing fluctuating AFM domains should find many other applica-
tions in physics, materials science, and engineering.

MATERIALS AND METHODS
Experimental design
The experiment involved sample synthesis and x-ray imaging parts, 
as described below.

Sample synthesis
Ni2MnTeO6 single crystals were synthesized by the chemical vapor 
transport method. Stoichiometric amounts of NiO (99.9%), MnCO3 
(99.99%), and TeO2 (99.99%) were ground and sintered at 800°C 
for 24 hours, followed by furnace cooling to room temperature. The 
process was repeated twice with an intermediate grinding. The re-
sultant powder was then sealed with the TeCl4 agent in an evacuated 
quartz tube and kept in a two-zone tube furnace for 1 week with 
the hot and cold ends at 780° and 680°C, respectively. Afterward, 
the quartz tube containing the single crystals was slowly cooled to 
room temperature. The samples are thin platelets with a typical size 
of 1 mm. They exhibit natural mirror-like ab surfaces. The single 
crystal’s stoichiometry was confirmed by comparison of its magnetic 
susceptibility and the magnetic transition temperatures to those of 
well-characterized polycrystalline samples. Possible deviations from 
the stoichiometric formula should not exceed 10% of the nominal 
Ni and Mn concentrations. These possible deviations do not affect 
the magnetic structure.

X-ray imaging
The imaging technique used in this work is based on resonant mag-
netic x-ray diffraction measurements. They were carried out at the 
Coherent Soft X-ray Scattering (CSX) beamline, National Synchro-
tron Light Source II, Brookhaven National Laboratory. The coher-
ent x-ray beam was polarized in the scattering plane. Two incident 
beam setups were used. In the first setup, the beam propagated 
through a 5-m pinhole located 6.5 mm before the sample, produc-
ing an Airy diffraction pattern. This was used to obtain images of 
the sample area 200 to 300 m in diameter, as described in detail in 
(26). In the second setup, the beam was focused by an FZP followed 
by an order-sorting aperture, ensuring that only the first diffraction 
order from the FZP reaches the sample. The zeroth-order transmis-
sion was blocked by a 60-m central beam stop, resulting in an an-
nular shape of the focused beam. The FZP diameter and its outer 
zone width were 150 m and 80 nm, respectively, resulting in the 
8.2-mm focal length at the Ni LIII edge (853 eV). Additional details 
of this setup can be found in (35). The diameter of the beam at the 
sample position was set at several values in the 15 to 80 m range by 
controlling the FZP to sample distance. This corresponds to an im-
age magnification on the detector varying from ~400 to 80. The 
signal was recorded by an in-vacuum charge-coupled device (CCD) 
area detector (Berkeley Fast CCD; up to 100  Hz of frame rate, 
960 pixels by 960 pixels, a pixel size of 30 m by 30 m, and no po-
larization discrimination), located 34 cm away from the sample. We 
report intensity in arbitrary units. The sample was mounted on a 
multicircle in-vacuum diffractometer on the cold finger of a helium 
flow cryostat. X-ray energy was scanned in the vicinity of the Ni LIII 
edge to maximize the resonant magnetic scattering intensity. X-ray 
scattering was measured in a specular reflection geometry off the 
native ab surface of the sample; the scattering angle 2 was 104° for 

QC and 90° for QIC. In this geometry, the direct image of the sample 
surface observed on the detector is compressed in the scattering 
plane (along the detector’s vertical direction) by a factor of sin() 
because of the beam footprint size effect. The detector images shown 
in this paper are elongated vertically by the factor of 1/sin() to 
compensate for this compression. The images therefore feature iden-
tical length scale bars for the vertical and horizontal directions (uni-
form magnification). The length scale in the images corresponds to 
the actual distance on the sample surface. It was determined by ob-
serving the image shift after a calibrated shift of the sample in the 
x-ray beam.

Statistical analysis
All errors are from counting statistics. In Fig.  1C, error bars are 
smaller than the symbol size. The analysis of the spatial resolutions 
achieved in the images is given in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abj9493
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